Expression and role of serum and glucocorticoid-regulated kinase 2 in the regulation of Na ϩ /H ϩ exchanger 3 in the mammalian kidney. Am
sgk; OKP; kidney tubule; sodium/hydrogen exchanger THE REGULATION OF SODIUM (Na ϩ ) transport in the mammalian kidney is crucial for maintaining extracellular fluid volume and blood pressure in the face of changes in dietary Na ϩ content. A variety of transporters and channels are expressed along the nephron with marked axial heterogeneity, reflecting the distinct roles for ion transport in each of the different nephron segments. For example, the majority of Na ϩ reabsorption in the proximal tubule and thick ascending limb of the loop of Henle (TALH) is mediated via transporters that couple counter-and cotransport of Na ϩ with other solutes. Notable among these is Na ϩ /H ϩ exchanger 3 (NHE3), which mediates bulk reabsorption of filtered NaCl and NaHCO 3 in the proximal tubule (1) . In contrast, the epithelial Na ϩ channel (ENaC) is expressed in the distal tubule and is a critical mediator of Na ϩ transport and blood pressure regulation (34, 43, 53, 54) .
Serum and glucocorticoid regulated kinase 1 (sgk1), a serine-threonine kinase that stimulates ENaC-mediated Na ϩ transport, is regulated by mineralocorticoids in the kidney collecting duct (14, 48) . Sgk1 mRNA has been identified in glomeruli, distal convoluted tubule (DCT), and cortical (CCD) and medullary collecting duct (MCD) (11, 14, 29) . Immunoreactive protein expression of sgk1 in the kidney has been characterized independently by two groups: Loffing et al. (44) found sgk1 protein expression in DCT, connecting tubule, CCD, and MCD, while Alvarez de la Rosa et al. (3) detected sgk1 immunoreactive protein only in TALH, DCT, and CCD.
In addition to sgk1, two other sgk isoforms, sgk2 and sgk3, have been identified (41) . Sgk2 and sgk3 share 80% homology with sgk1 in their kinase domains, and, like sgk1, are activated by 3=-phosphoinositide-dependent kinase-1 (PDK1), placing them under the regulation of the phosphoinositide 3=-kinase (PI 3-kinase) signaling pathway. The three sgk isoforms phosphorylate serine and threonine residues that lie within RXRXX(S/T) motifs (41) . Despite these similarities, the sgk isoforms share only 50% amino acid homology in their COOH-terminal domains and Ͻ15% homology in their NH 2 -terminal domains (50) . Kobayashi et al. (41) found sgk1 and sgk3 mRNAs in all tissues analyzed, whereas sgk2 mRNA was found selectively in tissues including the brain, pancreas, liver, and kidney (41) . While sgk1 mRNA levels are regulated by serum and glucocorticoids, sgk2 and sgk3 mRNA levels are not (3, 41) .
To date, few studies have directly addressed the cell-specific regulation or physiological function of sgk2 in the mammalian kidney. Several studies involving heterologous expression systems have demonstrated that sgk2 stimulates SMIT1 (37), EAAT2 (13) , GluR6 (56), Kv1.3 (27) , KCNE1 (21) , Na ϩ /K ϩ -ATPase (55) , and ENaC (22) . However, in all of these studies, the stimulatory effect was not sgk2 specific; sgk1 or sgk3 were also capable of stimulating these channels or transporters. Without knowledge of the precise localization of sgk2 expression in the kidney, it is difficult to assess the physiological significance of these in vitro studies.
In this study, we used in situ hybridization of intact kidney and real-time RT-PCR of microdissected tubule segments to characterize the expression of sgk2 mRNA in the kidneys of adrenal-intact mice and rats. We also used immunohistochemistry of intact kidney and isolated kidney tubules to confirm that sgk2 immunoreactive protein is expressed with NHE3 in proximal tubule cells. We next hypothesized that mineralocorticoids might regulate expression of sgk2 in a manner similar to sgk1 in the kidney. We used Northern blot analysis and in situ hybridization to examine sgk2 mRNA expression in kidneys of adrenalectomized rats treated with physiological doses of aldosterone. Based on the knowledge that sgk2 is expressed in proximal tubule cells that also express NHE3, we hypothesized that sgk2 plays a role in modulating activity of NHE3 in opossum kidney (OKP) cells, a model system for NHE3-mediated Na ϩ /H ϩ exchange in the proximal tubule. From these studies, we found the following: 1) sgk2 mRNA is expressed in proximal straight tubule (PST) and TALH in rat and mouse kidney; 2) sgk2 immunoreactive protein is expressed in rat proximal tubule cells that also express NHE3; 3) sgk2 mRNA expression is not stimulated by aldosterone in the kidneys of adrenalectomized rats; and 4) heterologous expression of sgk2 in OKP cells stimulates NHE3-mediated Na ϩ /H ϩ exchange activity and cell surface expression of NHE3. Together, these findings suggest that the expression, regulation, and role of sgk2 within the mammalian kidney are distinct from sgk1 and that sgk2 regulates NHE3 activity in proximal tubule cells.
METHODS

Animals.
Male Sprague-Dawley rats (over 50 g) (Harlan, Indianapolis, IN) or C57BL/6 mice (over 20 wk old) were maintained on a regular chow diet with normal Na ϩ content. All procedures were in accordance with the Committees on Animal Research at the University of California, San Francisco and the University of Texas Southwestern Medical Center.
For studies examining the effects of mineralocorticoids on sgk2 expression, male Sprague-Dawley rats were sham-operated (control) or bilaterally adrenalectomized on the day before use and given overnight a 0.9% NaCl solution to drink. On the day of the experiment, the rats were first injected subcutaneously with 10 g/kg RU486, a glucocorticoid receptor antagonist that blocks activation of the glucocorticoid receptor. Thirty minutes after the RU486 injection, rats were then injected with graded doses of aldosterone (0, 0.1, 0.3, 1.0, 3.0, or 10 g/100 g body wt). Rats were euthanized 2 or 4 h after treatment; tissues were removed and processed for Northern blot and in situ hybridization studies.
Riboprobe preparation. Rat sgk2 (nucleotides 196 -793 of the open reading frame) was subcloned into a pBluescript KS expression vector (Stratagene, La Jolla, CA). [ 32 P]dCTP-labeled rat sgk2 and sgk1 riboprobes were used for Northern blot analyses as described (11, 14) . [ 33 P]UTP-labeled (Amersham Biosciences, Piscataway, NJ) antisense sgk2 riboprobe was synthesized as described (11, 14) for radioisotopic in situ hybridization studies. Digoxygenin (DIG)-labeled riboprobe was generated with the DIG RNA Labeling Kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions for fluorescent in situ hybridization studies. Sense riboprobes for both types of in situ hybridization studies were used as negative controls.
In situ hybridization. For radioisotopic in situ hybridization, frozen rat kidneys were sectioned (7-8 m), thaw-mounted on SuperFrost slides (Fisher Scientific, Pittsburgh, PA), fixed, acetylated, and hybridized as previously described (11) . Hybridization was performed in a hybridization solution containing 50% formamide and the appropriate antisense or sense riboprobe. After overnight hybridization, the slides were treated with ribonuclease A, washed to a final stringency of 0.5ϫ SSC at 60°C, passed through an alcohol series, air-dried, and exposed to Hyperfilm MP (Amersham Biosciences). Slides were then dipped in Kodak emulsion, exposed in the dark at 4°C for 10 days, developed, and counterstained with hematoxylin-eosin.
Fluorescence in situ hybridization was performed with tyramide signal amplification (TSA) as previously described (28) . Rats or mice were anesthetized with pentobarbital sodium (40 -60 mg/kg) and perfused with chilled 0.9% NaCl, followed by chilled 1ϫ PBS. Kidneys were bisected sagitally and fixed in 4% paraformaldehyde at 4°C overnight. Kidneys were rinsed several times with 1ϫ PBS, embedded in paraffin, and sliced into 4-to 5-m sections as described (28) . Paraffin-embedded rat or mouse sections were postfixed with 4% paraformaldehyde, treated with proteinase K digestion, and acetylated. Sections were hybridized overnight using 200 ng/ml of DIGlabeled antisense mRNA or sense mRNA sgk2 riboprobe. Slides were washed to a final stringency of 0.1ϫ SSC and then incubated in blocking buffer (Roche Applied Science) containing 5% normal rabbit IgG (DAKOCytomation, Carpinteria, CA). DIG-labeled riboprobes were detected by incubation with horseradish peroxidase-conjugated anti-DIG antibody (1:200, DAKOCytomation) followed by amplification with TSA-direct deposition of Cy3 (1:50, PerkinElmer Life Sciences, Boston, MA). The slides were then dehydrated and mounted with VectaShield (Vector Labs, Burlingame, CA). Images were obtained with a Carl Zeiss Axioskop 50 epifluorescence microscope (Carl Zeiss International, Thornwood, NJ) and processed using Metamorph version 6.2 (Universal Imaging, Downington, PA).
Immunohistochemistry of in situ hybridization sections. Following fluorescent in situ hybridization as described above, slides were incubated in blocking solution (10% donkey serum/0.1% BSA in 1ϫ PBS) before incubation with the antibody specific for the appropriate nephron segment marker. Goat anti-aquaporin-2 (AQP2) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was diluted 1:200; rabbit anti-Tamm-Horsfall (THP) antibody (Santa Cruz Biotechnology) was diluted 1:50; and mouse monoclonal anti-NHE3 antibody (clone 3H3 raised against opossum NHE3) (18, 19) was diluted 1:5. Sections were washed in 1ϫ PBS and incubated with the appropriate secondary antibody (Texas red-conjugated donkey anti-goat, anti-rabbit, or antimouse IgG, Jackson Immunoresearch Laboratories, West Grove, PA) diluted at 1:500. Slides were rinsed in 1ϫ PBS and mounted with VectaMount (Vector Labs).
Microdissection of rat tubules and real-time RT-PCR. Male Sprague-Dawley rats (50 -75 g) were anesthetized with pentobarbital (40 -60 mg/kg), and their kidneys were removed, sliced coronally into several sections, and placed in chilled modified Hanks solution. One-millimeter nephron segments from glomeruli, proximal convoluted tubule (PCT), PST, TALH, and CCD were dissected manually and placed in lysis buffer containing guanidine thiocyanate and ␤-mercaptoethanol.
Total RNA from five tubules from each rat nephron segment was extracted according to the manufacturer's instructions (Absolutely RNA Microprep Kit, Stratagene). Reverse transcriptase reactions from each nephron segment were performed according to the manufacturer's instructions (Multiscribe RT, Applied Biosystems, Foster City, CA).
To verify the identities of each microdissected tubule segment, PCR primers of nephron segment-specific markers were generated using ABI Prism Primer Express Version 2.0 software (Applied Biosystems): 5=-CGAAGCCAGGGTGATACCC (rat nephrin) and 3=-CACAGACCAGTAACTCCCGT (rat nephrin) were used for the identification of glomeruli (36); 5=-AGCTCCAGCACCTCGACATC [rat Na ϩ -dependent phosphate cotransporter 2A (NaPi 2A)] and 3=-CAAGCCAGAGGAGACCATGC (rat NaPi 2A) were used for the identification of PCT (17); 5=-AGACTGCGATCATGCTGGTG (rat sodium-glucose cotransporter-1; SGLT-1) and 3=-GGAAAG-CAAACCCAGTCAGG (rat SGLT-1) were used for the identification of PST (42); 5=-GTGTCCAGGCCTCAGTGTCC (rat THP) and 3=-TCAGGAACCCCAAGTTGCTG (rat THP) were used for the identification of TALH (35); 5=-GCCACCTCCTTGGGATCTATT (rat AQP2) and 3=-GAGCGGGCTGGATTCATG (rat AQP2) were used for the identification of CCD (23) . PCR primers were diluted for each reaction mixture using a SYBR Green PCR Master Mix kit according to the manufacturer's instructions (Applied Biosystems). Reactions, including no template controls, were performed in triplicate. Fluorescent changes during real-time quantitative PCR were measured with an ABI Prism 7700 sequence detector (Applied Biosystems). Thermal cycling parameters were the following: incubation at 95°C for 10 min followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. To confirm specificity of an amplicon product, a dissociation curve was performed for each PCR reaction.
The following PCR primers were also designed and used for detecting gene amplification: 5=-CATTGGCAAAGGGAACTATGG (rat sgk2), 3=-AGTCAGACGGAGCCTTCTATGCA (rat sgk2); 5=-GGGACAACGTCCACCTTCTG (rat sgk1), 3=-AGGTTCTCCATA-AGCAGCCG (rat sgk1); and 5=-TTTTTTATCTGCACTGCCAA-GACT (rat cyclophilin A), 3=-CATGTGGTCTTTGGGAAGGTG (rat cyclophilin A). The following 6-carboxyfluorescin (FAM) TaqMan probes were also generated: 6-FAM-5=-AAGGTCCTACTGGC-CAAG-MGBNFQ (rat sgk2); 6-FAM-5=-AGCCCTGAGTATCTC-MGBNFQ (rat sgk1); and 6-FAM-5=-AGTGGCTGGATGGCA-MG-BNFQ (rat cyclophilin A). PCR primers and TaqMan probes were diluted for each reaction mixture using the TaqMan PCR kit according to the manufacturer's instructions (Applied Biosystems). Thermal cycling parameters were the same as described for real-time RT-PCR of nephron segment-specific markers. Specificity of each set of primers and probes was confirmed by BLAST search against GenBank and verified in standard PCR reactions using sgk2 and sgk1 expression plasmids as DNA templates.
Validation experiments were required to demonstrate that the efficiencies of target (sgk2 and sgk1) and normalizer reference (cyclophilin A) amplification were approximately equal so that the ⌬⌬Ct method of analysis could be used, as described by the manufacturer (Applied Biosystems). Relative quantitation of sgk2 or sgk1 expression was calculated across microdissected nephron segments (glomeruli, PCT, PST, TALH, and CCD) using whole rat kidney as the calibrator reference.
Generation of sgk2 antibody. Glutathione S-transferase (GST)-sgk2 fusion proteins were engineered, expressed, and purified on a glutathione-Sepharose column according to the GST purification system (Amersham Biosciences). Purified GST-sgk2 fusion protein was sent to Covance (Princeton, NJ) for production of rabbit polyclonal sgk2 antiserum. To validate antibody specificity for the sgk2 isoform, reticulocyte and OKP cell lysates expressing mouse sgk1-3 were resolved by 7.5% SDS-PAGE and then analyzed by immunoblotting with sgk2 antiserum diluted 1:5,000. Membranes were incubated with secondary anti-rabbit IgG horseradish peroxidase conjugate (Amersham Biosciences) diluted 1:5,000 and processed as described (57) . Membranes were stripped and reblotted with anti-GAPDH antibody diluted 1:20,000 (Chemicon International, Temecula, CA) for detection of GAPDH as a protein loading control.
Kidney tissue and single-tubule preparation. Rats were anesthetized with pentobarbital sodium (40 -60 mg/kg) and perfused with 2.5% paraformaldehyde for tissue fixation. Kidneys were removed and postfixed in 4% paraformaldehyde at 4°C. PST were microdissected from kidneys of rats on a regular chow diet. Tubules were embedded in gelatin and fixed with 4% paraformaldehyde in 4°C. Three-micrometer frozen sections of kidney tissue and tubule preparations were cut with a cryostat microtome as described (7) .
Sgk2 and NHE3 immunohistochemistry. Tissue and single-tubule frozen sections were washed with PBS followed by incubation with 0.1% Triton X-100. Sections were then blocked with a blocking solution (PBS, 1.5% BSA, 10% goat serum) and then incubated with the primary antibody [anti-sgk2 rabbit polyclonal antibody 1:40 or anti-NHE3 rabbit polyclonal antibody 1566 (6) 1:300 diluted in blocking solution] in 4°C overnight. After washing with PBS, the sections were incubated with FITC-labeled secondary antibody (for NHE3) or rhodamine-coupled secondary antibody (for sgk2). After additional PBS washes, sections were mounted and analyzed by epifluorescence microscopy with Nomarski optics.
Isolation of RNA and Northern blot analysis. Total RNA was extracted from kidneys of adult rats by homogenization in TRIzol reagent (Invitrogen, Carlsbad, CA). Homogenates were extracted with chloroform, and RNA was precipitated from the aqueous phase with isopropanol. RNA pellets were washed in 70% ethanol, dried, and dissolved in water. Northern blot analysis was performed as described (11, 14) . Briefly, formaldehyde agarose gels were loaded with 15 g/lane of total RNA, transferred, and hybridized with an anti-sense [ 32 P]dCTP-labeled rat sgk2. All filters were rehybridized with an anti-sense [
32 P]dCTP-labeled riboprobe complementary to DNA for rat sgk1 (as a positive control for aldosterone induction) or rat cyclophilin A (as a loading control) as described (11, 12) .
OKP cell culture and transfection. Wild-type mouse sgk1 and sgk2 open reading frames were subcloned into pCDNA3 expression vectors (Invitrogen). Expression vectors for kinase-dead forms (sgk1 K127M and sgk2 K64M; both mutations prevent ATP binding to the sgk catalytic sites) and constitutively active (CA) forms (sgk1 S422D and sgk2 S356D; substitution of aspartate for serine residue mimics phosphorylation and subsequent activation by PDK1) of sgk1 and sgk2 were generated by PCR-based mutagenesis.
OKP cells are a clonal subline of the opossum kidney cell line originally described by Cole et al. (15) . OKP cells were seeded on glass coverslips as previously described (4) . To examine the functional effects of sgk1 and sgk2 on NHE3 activity, transient transfection of OKP cells was performed using LipofectAMINE 2000 (Invitrogen) with the following sgk1 and sgk2 plasmid constructs: wild-type, kinase-dead, CA, and vector control (pCDNA3 expression vector alone). Transfection efficiency of OKP cells was assessed by transfection with pEGFP-C1 vector (Clontech, Palo Alto, CA) followed by visualization with a fluorescent microscope (Carl Zeiss International); only cell batches with transfection efficiencies Ͼ50% were used. Transfected OKP cells were switched to serum-free media for 48 h before measurement of Na ϩ /H ϩ exchange activity.
Measurement of intracellular pH and Na
ϩ /H ϩ exchange activity. Continuous measurement of intracellular pH (pH i) was accomplished using the intracellularly trapped pH-sensitive dye BCECF (Molecular Probes, Eugene, OR) as described previously (4) . Transfected OKP cells were loaded with acetoxymethyl ester of BCECF, and pHi was calibrated using K ϩ /nigericin as described (2) . Na ϩ /H ϩ exchange activity was measured as the initial rate of the Na ϩ -dependent pHi increase (pHi/dt) after an acid load in the absence of CO2/HCO 3 Ϫ ; results were expressed relative to empty vector control. Comparisons were always made between cells derived from the same passage and transfected on the same day before performance of the Na ϩ /H ϩ exchange assay. Cell surface biotinylation of NHE3. Confluent OKP cells in 6-mm plates were rinsed with ice-cold PBS, and surface proteins were biotinylated by incubating cells at 4°C with 1.5 mg/ml sulfo-NHS-SS-Biotin (ThermoScientific, Rockford, IL) in buffer containing 10 mM triethanolamine (pH 7.4), 2 mM CaCl 2, and 150 mM NaCl. After labeling, plates were washed at 4°C with quenching buffer (PBS containing 1 mM MgCl2, 0.1 mM CaCl2, and 100 mM glycine). Cells were then lysed in RIPA buffer with protease inhibitors. Lysates were cleared by centrifugation, and the supernatants were diluted to 2.0 mg/ml of protein with RIPA buffer. Cell lysates of equivalent amounts of protein were equilibrated overnight at 4°C with NeutrAvidin agarose beads (ThermoScientific). Beads were washed sequentially with solutions A [50 mM Tris·HCl (pH 7.4), 100 mM NaCl, and 5 mM EDTA], B [50 mM Tris·HCl (pH 7.4) and 500 mM NaCl], and C (50 mM Tris·HCl, pH 7.4). Biotinylated proteins were released by heating to 95°C with 2.5ϫ loading buffer, separated by SDS-PAGE (10% gel), and electrophoretically transferred to polyvinylidene difluoride membranes. Membranes were probed overnight at 4°C with the 3H3 monoclonal mouse anti-opossum NHE3 antiserum, which has been characterized to specifically label NHE3 by immunoblotting (25) . The membranes were then washed in PBS containing 0.05% Tween 20, incubated with a horseradish peroxidase-labeled anti-mouse secondary antibody and visualized by enhanced chemiluminescence.
Statistics. All results are reported as means Ϯ SE. Statistical analyses for all pairwise multiple comparisons of Na ϩ /H ϩ exchange activity and cell surface NHE3 assays in OKP cells were performed using ANOVA with Bonferroni's adjustment. Differences were considered to be significant at P values Ͻ0.05.
RESULTS
Sgk2 is expressed in the proximal tubule and TALH.
Radioisotopic in situ hybridization of kidneys from adrenal-intact rats revealed that sgk2 mRNA expression was restricted to the medullary rays of the cortex and the outer stripe of the outer medulla and was very low in the outer cortex, inner medulla, and papilla (Fig. 1) . Inspection of emulsion-dipped sections counterstained with hematoxylin-eosin revealed that sgk2 expression was expressed in the larger, more intensely eosinophilic proximal tubule cells of the medullary rays of the cortex and outer medulla (not shown).
Since the pattern of expression for sgk2 by in situ hybridization was distinct from sgk1, we next performed real-time RT-PCR on total RNA extracted from microdissected nephron segments from rat kidney as an independent assessment of sgk2 expression in the nephron. The kidneys used for microdissection were from adrenal-intact male Sprague-Dawley rats maintained on a regular chow diet. Successful microdissection of glomeruli, PCT, PST, TALH, and CCD was verified by demonstrating that each of the tubule segments expressed appropriate nephron segment-specific markers ( Fig. 2A) .
Sgk2 was expressed in all microdissected nephron segments. Relative to sgk2 expression levels in whole kidney, higher levels of sgk2 expression were observed in the PST and TALH, and lower levels of expression were observed in the glomerulus and CCD (Fig. 2B) . In contrast to sgk2, sgk1 was expressed more prominently in glomeruli and PCT relative to whole kidney (Fig. 2C) . From these localization studies, we hypoth- Fig. 1 . Serum and glucocorticoid-regulated kinase 2 (Sgk2) is expressed in the medullary rays of the cortex (C) and the outer stripe of the outer medulla (OM) in kidney sections from adrenal-intact rats. Sgk2 mRNA expression in the kidney from adrenalintact rats was measured by radioisotopic in situ hybridization. Longitudinal frozen sections (7-8 m thick) were cut from rat kidneys and hybridized with sgk2 antisense RNA probes. Sense controls showed absence of hybridization signal. Fig. 2 . Relative expression of sgk2 is distinct from sgk1 in microdissected nephron segments from adrenal-intact rats. A: validation of successful microdissection of rat nephron segments was confirmed by amplification of segment-specific markers. Real-time RT-PCR was performed for rat nephrin, sodium-dependent phosphate cotransporter 2A (NaPi 2A), sodium-glucose cotransporter-1 (SGLT-1), Tamm-Horsfall protein (THP), and aquaporin-2 (AQP2) on RNA extracted from microdissected glomeruli (Glom), proximal convoluted tubule (PCT), proximal straight tubule (PST), thick ascending limb of the loop of Henle (TALH), and cortical collecting duct (CCD) tubule segments of kidneys from rats maintained on a normal salt diet. Values are expressed as reporter signal fluorescence (Rn) at a set cycle threshold (Ct) normalized to the specific marker for each of the tubule segments. B: realtime RT-PCR quantitation of sgk2 expression in microdissected rat nephron segments. Quantitation of sgk2 expression was made relative to whole kidney (calibrator reference) using the ⌬⌬Ct method of analysis (see METHODS). C: realtime RT-PCR quantitation of sgk1 expression in microdissected rat nephron segments. Quantitation of sgk1 expression was made relative to whole kidney. Experiments were performed a total of 4 times (with each run done in triplicate with no template controls) from 4 separate animals on different days with similar results.
esized that the pattern of sgk2 expression reflected a role of sgk2 in regulating a population of transporters expressed in the proximal tubule and TALH.
Sgk2 is coexpressed in proximal tubule cells expressing NHE3. To more accurately determine the specific cell types that express sgk2, we performed in situ hybridization using fluorescent-labeled probes for sgk2 mRNA in combination with immunohistochemical staining for nephron segment-specific markers in both rat and mouse kidney. Figure 3 shows representative images of sgk2 mRNA expression in the mouse kidney. To identify the kidney cell types that express sgk2, we concurrently immunostained in situ hybridization sections for NHE3 and THP. It has been reported that both rat (6) and mouse (7) kidneys express NHE3, with highest levels in PCT and TALH, low levels in PST, and not in CD. In tubules where NHE3 expression is strongest (early PCT or S1 segment), sgk2 expression was moderate. In tubules where NHE3 immunostaining is less pronounced but still prominent (late PCT or S2 segment), sgk2 expression was more pronounced, so that there was significant co-localization of sgk2 with NHE3 immunoreactivity [ Fig. 3 , E (ϫ20 magnification) and G (ϫ63 magnification)]. In the PST or S3 segment, where NHE3 expression tapers off in the deep cortex and in the outer stripe of the outer medulla, sgk2 expression persisted. Sgk2 expression was also apparent in TALH, as determined by its colocalization with both NHE3 and THP immunoreactivity (not shown).
Sgk2 signal was low in CCD, MCD, and papilla in both mouse and rat kidneys. In the mouse cortex [ Fig. 3 , F (ϫ20 magnification) and H (ϫ63 magnification)], sgk2 expression appeared only in tubule cells that lack AQP2 immunoreactivity (a marker of principal cells of CCD and MCD). In mouse and rat medulla, sgk2 expression was also not detectable in tubule cells that display AQP2 immunostaining (not shown). Taken together, in situ hybridization with radioactive or fluorescent- labeled probes suggest that sgk2 is expressed in the more distal segments of the proximal tubule and TALH, where it colocalizes with NHE3 expression.
To further characterize the colocalization of sgk2 and NHE3 expression in proximal tubule cells, we investigated sgk2 and NHE3 immunoreactive protein expression in rat kidney tissue and single tubule preparations. We generated a rabbit polyclonal sgk2 antibody and used Western blotting to test the ability of the antiserum to recognize sgk2. Figure 4A shows that the sgk2 antibody only recognized a 37-kDa band from in vitro transcribed/translated reticulocyte lysates and from OKP cell lysates expressing mouse sgk2. We did not observe any immunoreactive bands in lysates expressing mouse sgk1, sgk3, or pCDNA3 expression vector (Fig. 4A) , confirming the spec- were resolved by SDS-PAGE and immunoblotted with sgk2 antiserum. Sgk2 antiserum only recognized a single band at 37 kDa, consistent with the molecular mass of sgk2 protein, in OKP cell or reticulocyte lysates expressing sgk2 protein. Membranes were stripped and reblotted with anti-GAPDH antibody for detection of GAPDH as a protein loading control. B: rat kidneys were perfusion fixed and stained with anti-NHE3 or anti-sgk2 as described in METHODS. Proximal tubules demonstrate both NHE3 and sgk2 immunoreactivity. Bar ϭ 50 m. C: microdissected proximal straight tubules stained for NHE3 and sgk2 immunohistochemistry as described in METHODS. Sgk2 immunoreactivity is localized at or near the apical membrane, where NHE3 immunoreactivity is also apparent. Bar ϭ 10 m. Images in B and C were taken using Nomarski optics. ificity of the sgk2 antibody. We next examined the distribution of sgk2 and NHE3 expression in successive kidney sections from adrenal-intact rats. As described previously (6), NHE3 staining with antiserum 1566 was detected in the apical membrane of the proximal tubule. The sgk2 antibody labeled proximal tubule segments that also showed NHE3 immunoreactivity (Fig. 4B) . We also examined the cellular localization of sgk2 and NHE3 in single microdissected tubules. As described previously (7), NHE3 was observed as a brush-border protein in the PST. Sgk2 was also detected at or near the apical membrane in the PST (Fig. 4C) , confirming that sgk2 and NHE3 are expressed together in proximal tubule cells.
Sgk2 is not an aldosterone-responsive isoform of sgk in the rat kidney. Sgk1 is a key aldosterone-induced gene involved in the control of ENaC-mediated Na ϩ transport in the kidney. Because sgk2 is a close relative of sgk1, we investigated whether sgk2 was also stimulated by aldosterone. Northern blots were performed on rat kidney homogenates from adrenalectomized rats treated with aldosterone (1 g/100 g body wt). Aldosterone at 2 or 4 h after subcutaneous injection did not enhance levels of sgk2 expression in the kidney (Fig. 5A) , whereas sgk1 mRNA was strongly induced in the kidney by aldosterone at both time points.
Although Northern blot analysis did not show aldosterone regulation of sgk2 in kidney homogenates at either 2 or 4 h, the possibility that aldosterone could focally regulate sgk2 expression in specific nephron segments still remained. To determine spatiotemporal regulation of sgk2, we performed in situ hybridization of sgk2 on kidneys from adrenalectomized rats treated with graded doses of aldosterone (0.1-10 g/100 g body wt). All rats were pretreated with the glucocorticoid receptor antagonist RU486 to ensure that only the mineralocorticoid receptor was activated with aldosterone treatment. At all doses, aldosterone at 2 or 4 h after injection failed to alter sgk2 expression in the kidney, remaining at levels similar to those of sham controls (Fig. 5B) . In contrast, at all doses tested, aldosterone enhanced the levels of hybridization to sgk1 mRNA over the collecting tubules of both cortex and outer medulla at 2 and 4 h after injection (Fig. 5C) . Together, these data strongly suggest that, unlike sgk1, sgk2 is not an aldosterone-responsive gene in rat kidney.
Activated sgk2, but not sgk1, stimulates NHE3-mediated Na ϩ /H ϩ activity in OKP cells. Since sgk2 expression in proximal tubule colocalized with NHE3 immunoreactivity, we next compared the effects of sgk1 and sgk2 on NHE3-mediated Na ϩ /H ϩ exchange activity in OKP cells. OKP cells are derived from the opossum proximal tubule and are a well-established model system for the study of NHE3-mediated Na ϩ /H ϩ exchange activity (4, 5, 15, 38) . Constitutively active sgk2 (CA-sgk2) stimulated endogenous Na ϩ /H ϩ exchange activity Fig. 5 . Sgk2 mRNA is not regulated by aldosterone in rat kidney homogenates or in rat kidney sections. A: Northern blot analysis for sgk2 mRNA in kidney homogenates of adrenalectomized rats injected subcutaneously with aldosterone. Male rats were pretreated with 10 g RU486 for 30 min before aldosterone was injected (1 g/100 g body wt). Kidneys were harvested from each rat (n ϭ 5-8/group) at 2 (2h) and 4 (4h) h after aldosterone injection. Blots were hybridized with probes for sgk2 and sgk1 mRNA to assess respective levels in kidney homogenates. Cyclophilin mRNA served as RNA loading controls. The blot shown is representative of 3 independent experiments. S, sham operated; Adx, adrenalectomized. B: sgk2 mRNA expression by radioisotopic in situ hybridization of kidneys from adrenalectomized rats treated with RU486 and graded doses of aldosterone (0.1-3 g/100 g body wt). Autoradiograms of whole rat kidneys harvested 2 h after aldosterone injection. No change in sgk2 expression is apparent in any part of the kidney in response to aldosterone treatment. Four sections per animal (n ϭ 5-8/group) were analyzed. C: autoradiograms of whole rat kidneys show robust induction of sgk1 by aldosterone treatment (2 h) in the cortex, and, more generally, in the medulla.
by Ͼ30% compared with OKP cells transfected with wild-type sgk2, kinase-dead sgk2, or control vector (P Ͻ 0.001) (Fig. 6 ).
In contrast, Na ϩ /H ϩ exchange activity was not affected by heterologous expression of wild type, kinase-dead, or CA-sgk1 (Fig. 6) .
Activated sgk2 increases cell surface expression of NHE3 in OKP cells. One possible mechanism for stimulation of Na ϩ /H ϩ exchange activity by activated sgk2 involves changes in trafficking between cell surface and intracellular NHE3. Transfection of CA-sgk2 stimulated surface expression of NHE3 in OKP cells in a dose-dependent manner (Fig. 7) . This increase in cell surface NHE3 was not associated with an increase in total cellular NHE3 protein abundance, suggesting that activated sgk2 increases the proportion of NHE3 that is present at the cell surface.
DISCUSSION
In the present study, we used a combination of in situ hybridization, immunohistochemistry, and real-time RT-PCR techniques to analyze renal expression of sgk2 in adrenal-intact and adrenalectomized rats treated with aldosterone. We also compared the functional effects of two sgk isoforms on the modulation of NHE3, a key Na ϩ transporter in the proximal tubule. To our knowledge, this is the first study to document sgk2 expression in the kidney and to demonstrate that sgk2 has a stimulatory effect on NHE3. We found that sgk2 has a distinct expression pattern in the rodent kidney, which was particularly evident with in situ hybridization experiments: sgk2 was expressed in the medullary rays of the cortex and the outer stripe of the outer medulla. This expression pattern is strikingly different from that of sgk1.
Comparison of sgk1 and sgk2 mRNA expression across microdissected nephron segments measured by real-time RT-PCR revealed that highest levels of sgk2 expression were found in PCT, PST, and TALH, while the highest levels of sgk1 expression were found in glomeruli and PCT. Notably, sgk2 expression was lowest in glomeruli and CCD. With in situ hybridization experiments, we only observed sgk2 mRNA hybridization in CCD cells that did not express AQP2, suggesting that sgk2 might be expressed only in intercalated cells of the CD. The distribution of sgk1 expression that we observed also agrees with previous reports showing that sgk1 is expressed in nephron segments other than the distal nephron, including glomeruli and proximal tubule (11, 14, 29) . Of note, sgk1 expression in the proximal tubule has been observed by real-time RT-PCR (44); our localization studies confirmed that the PCT expresses sgk1 in significant quantities in kidneys obtained from adrenal-intact rats maintained on a normal-salt diet.
Surprisingly, despite being closely related to sgk1, sgk2 is not an aldosterone-inducible gene in the kidney. Previous reports have suggested that aldosterone does not regulate sgk2 expression in cultured cells (41, 49) . Alvarez de la Rosa et al. (3) have demonstrated that aldosterone does not stimulate sgk2 expression in the kidneys of adrenal-intact rats, although the authors were unable to detect significant expression of sgk2 mRNA in the rat kidney. To isolate the specific effects of mineralocorticoid action on the kidney, we assessed for aldosterone induction of sgk2 regulation in the kidneys of adrenalectomized rats. We also used in situ hybridization studies to evaluate possible regional changes in sgk2 expression after aldosterone induction. Physiological doses of aldosterone did not stimulate sgk2 expression by either Northern blot analysis or in situ hybridization in adrenalectomized rats, indicating that the regulation of sgk2 is likely to be completely different from that of sgk1.
Since we observed by real-time RT-PCR a significant amount of sgk2 expression in microdissected proximal tubule segments, we used both in situ hybridization and immunohis- Fig. 6 . Activated sgk2, but not sgk1, stimulates NHE3-mediated Na ϩ /H ϩ exchange activity. OKP cells were transfected with empty vector, wild-type, kinase-dead, or constitutively active expression vector constructs for sgk1 or sgk2. Values are derived from Na ϩ /H ϩ exchange activity for each of the sgk isoforms and expressed relative to empty vector control, means Ϯ SE (n ϭ 16 for sgk1 comparisons, n ϭ 15 for sgk2 comparisons). Transfection efficiency was ϳ60% for each batch of experiments as assessed by cotransfected pEGFP-C1 expression vector. *P Ͻ 0.001 for constitutively-active sgk2 vs. empty vector control. Fig. 7 . Activated sgk2 increases cell surface NHE3 expression. OKP cells were transfected with empty vector or constitutively active sgk2 at the indicated concentrations. Surface NHE3 antigen was quantified as biotin-accessible and Neutravidin-precipitated NHE3 from whole cell lysates measured by immunoblot. A: representative immunoblot. B: summary of results from 6 different experiments with quantification (means Ϯ SE) of NHE3 band intensities in the biotinylated fraction relative to that in empty vector. IB, immunoblotting; IP, immunoprecipitation; WCL, whole cell lysate. *P Ͻ 0.05. tochemistry techniques to demonstrate that sgk2 mRNA and protein expression co-localized with NHE3 immunoreactivity in proximal tubule cells. Based on these findings, we compared the effects of sgk1 and sgk2 on Na ϩ /H ϩ exchange in OKP cells, a cell line derived from the proximal tubule and exhibiting NHE3-mediated Na ϩ /H ϩ exchange activity (4, 5, 16, 30, 38, 39, 58, 61) . OKP cells do not express NHE1 or NHE2, as shown by pharmacological inhibitor studies (47) or RT-PCR (Moe OW, unpublished observations). In this model system, we found that sgk2, but not sgk1, stimulated Na ϩ /H ϩ exchange activity. Moreover, this increase in Na ϩ /H ϩ exchange activity was associated with an increase in cell surface NHE3 expression. For these experiments, we used CA-sgk isoform mutants, which substitute an acidic amino acid residue that mimics PI 3-kinase-dependent activation (40, 41, 51) . PI 3-kinase appears to stimulate NHE3 activity in cultured cells through redistribution of NHE3 from endosomal compartments to the plasma membrane (20) . In addition, insulin, a hormone dependent on PI 3-kinase activity, enhances NHE3 total/cell surface abundance and activity in OKP cells (38) . Since sgk2 kinase activity is also controlled by PI 3-kinase (40), sgk2 potentially functions as an effector for insulin-mediated stimulation of NHE3 activity. Consistent with this notion, the stimulatory effect of sgk2 is on par with that of insulin on Na ϩ /H ϩ antiporter activity in OKP cells (38) .
It is significant that CA-sgk1 did not stimulate Na ϩ /H ϩ exchange activity in OKP cells. Yun et al. (60) have reported that sgk1, in concert with NHERF2, stimulates NHE3 activity in PS120 fibroblasts. This effect required association of sgk1 with NHERF2 (through its PDZ domain), and the authors suggested NHERF2 may act as a scaffold protein for sgk1 and NHE3 interaction (60) . It is possible that our OKP cell line does not express adequate NHERF2, and therefore sgk1 fails to stimulate NHE3. Fuster et al. (24) also did not find an effect of CA or kinase-dead sgk1 on baseline NHE3 activity, although kinase-dead sgk1 partially blocked chronic stimulation of NHE3 by insulin. It is notable that sgk2 lacks a PDZ interaction domain and hence would not likely interact with NHERF2 to regulate NHE3; nevertheless, the underlying mechanistic basis for sgk2-mediated stimulation of NHE3, under conditions by which sgk1 does not, remains to be determined. Based on our NHE3 surface expression studies in OKP cells, we propose that activated sgk2 stimulates an increase in the residence time of NHE3 at the cell surface, where it can mediate Na ϩ /H ϩ exchange.
Further insight into the in vivo function of sgk2 will be attained through the characterization of genetically manipulated mouse models. For example, sgk1 knockout mice display moderate aldosterone resistance that is manifest only on lowsodium (21a, 59) or high-potassium (31) diets, while targeted disruption of mineralocorticoid receptor (9, 10) ␣-ENaC (32, 33), ␤-ENaC (46, 52) , and ␥-ENaC (8) in mice results in severe renal salt wasting, hyperkalemia, and early death. This suggests other compensatory mechanisms for salt reabsorption can occur in sgk1 knockout mice that prevent severe renal salt wasting; indeed, micropuncture studies of the sgk1 knockout mouse reveal an increase in fractional Na ϩ reabsorption in the proximal tubule (59) . Sgk2 may play a major role in this compensatory process through its stimulatory action on NHE3 in the proximal tubule and TALH. In contrast, sgk3 is not likely to substantially contribute to this compensatory process because sgk3 knockout mice do not exhibit salt wasting (45) . Moreover, sgk1/sgk3 double knockout mice show the same degree of salt wasting as sgk1 knockout mice (26) .
Although several groups have evaluated the ability of sgk2 to stimulate ion transport using cultured cells or Xenopus laevis oocytes, the physiological significance of these studies is unclear. We have demonstrated that regulation of sgk2 expression in the rat kidney is completely different from regulation of sgk1 expression, which is responsive to aldosterone stimulation. We have also delineated the expression pattern of sgk2 in the rodent kidney and examined the role of sgk2 in regulating NHE3. Our results suggest that sgk2 acts predominantly in the proximal tubule and TALH where it may function to regulate NHE3 activity, while sgk1 acts in the distal nephron to regulate ENaC-mediated Na ϩ transport. Thus sgk2 likely plays an important and distinct role in the regulation of transtubular Na ϩ transport in the proximal tubule.
